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ABSTRACT 


im present day design ef turbvowachinery, the understending of 
the nature and tha influence of secondary flow fs of great impor- 
tance. ihe difficulties encountered in the wathematiaal theory of 
the three-divensional flew in turbomachinery haa led to studies of 
the flow by visualization techniques using smoke, and by weasure- 
ment of velocity preseures and flow angies in two-dieensional cas- 
cades in order to Obtain inforration thet might be used in the 
deaign of such machinery. 

This investigation was concerned with the study uf the effects 
of relative wetion between bindes oui wall in a compressor cavvade 
usin« velocity pressure and flew angie measuresents. The moving 
wall affeeted the eacondary Clow by dispisecing tie flew ia toe 
direction ef motion of the moving wall. The losses with a soving 
wail were confined to a region nearer to the wall than in tne vase 
of no reiative motion betweea biades asd wall. 

The flow in the boumiary Layer with no end ciearance (atator 
row) overturns, producing a larger angie of ato ack on tas following 
retor row than desig:ed. ‘The low in the voundary layer @#itn 
moving wall (compressor rotor row) unierturns and wakes a soaller 
angle of atteck with the next stator row than the designed angle. 

ALL data taxen were very repreducibie. The accuracy of all 
readings taxen in regions of suxall velocity gradient and small 
piteh angles is approximately plus or alnua 0.1 degree for yaw 
and pitch angles, and clus or minus 0.4 percent for sta nation 
pressure. In regions of low stagnation pressure and high velocity 
gradient the accuracy of readings iu approximately lus or ainus 
0.5 degrees in yaw and pitch angies and plus or einus 1.0 percent 
in stagnation pressure. ue to the method of seaourln, piten, 
any pitch angie greater than about 15 degrees 1» not accurate and 
only serves tu indicate an order of sagnitude. 


Thesis cupervisor: hobert 2. vean, ur. 


Pitler Assistant Professor of Mechanica: nngancering. 
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In the design of turbomachinery and in the anaiysis of 
their performance it is important that there be an understanding 
ef the nature and inf!venece of secondary fiow. Theories of turbe- 
nachioes based on wind tunnel or two-dimensional flow represent 
en approximation of the actual flow. The fiow in turbosachinery 
ig three Gimensional and presents difficulties in the mathematica: 
theory. Deviations fron the flow behavior. as predicted by po- 
tential flow analyses are termed secondary ficws. Various 
theoretical and experimental investigations have been made which 
partially describe the manner in which secondary fiows effect 
the performance of turbcumachines. 

The effecta of end clearance and relative metion betveen 
the blade and wall were investigated by Nerteig, Hansen and 
Costello (Refs. i end 2). This work was done using smoke visual- 
igetion techniques as deseribed in Ref. 1. A low speed two- 
disensioasl cescade and a high speed three-dimensgional cascade 
were used in the investigation described in Ref. 1. A further 
investigation by the MACA (Ref. 3). im which visualisation teeh- 
niques vere again used, deait with the effects of tip clearance 
and relative motion between blede and wall with high-turning 
blades. An investigation at the Massachusetts Institute of 
Technology Gas Turbine Laboratory by Van Le (Ref. +) concerned 
the effevt of boundary layer on seventery flev. This work was 
conducted in a low speed tunnel using a caxpressor cascade. 

It wae preposed to investigate tip clearance and moving 
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wall effects on secondary flows as a continuation of the work 
gone by Van Le. The work was undertaken after improvements in 


the instrunenteation and a redesign cf compressor cascade biading. 











RESULTS AND DISCUSSION 

Four runs were made vith a constant value of inlet veiocity 
of the order of 120 feet per second but with varying cescede 
conditicns. The runs made and the conditions during each ones 
were es follows: 

Run No. 1 -- No end clearance. 
Run No. 2 -- 5/16 end clearance. 
Run No. 3 -- 1/8° end clearance. 
Run No. & -- 1/3” end clearance with moving wall. 

The results obtained are shown in Figures 7 through 15 as 
contour maps there being a separate map for percentage of 
stagnation or total pressure, yaw engle and pitch engle re- 
spectively for each run. The contours e!l terminate at 2 equal 
to 0.15 inehes from the wall, aince it was impossible to obtein 
regdings eny closer to the wall with the probe used. In runs 
with end clearance, the ends of the biades are indicated by e 
dashed horizcntal line. 

Due to the three-dimensionel nature of the flow, it is 
necessary when visualizing the flow to use all three contours 
for a particular run for exemple, the yaw angle and pitch 
angle at a point to determine the direction of a velocity vector 
and the percent of stagnation presgure to determine the length 
of the vector. Another fact which must be remembered when 
viewing the maps is that the equation of continuity which must 
be satisfied in the three-dimensional flow does not necessarily 
have to be satisfied in the two-dimensionsl plane of the flow 
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which the maps represent. In addition one should bear in mind 
when analysing any of these maps the shape and thickness of the 
boundary layer shead of the cascade as shown in Fig. 6. 

All runs were made in a plane 1/2 chord length downstream 
of the trailing edges of the cascade blades (plane 3B). There- 
fore, it is necessary to realize that the flow in this plane 
is the result of disturbances and forces et wrk in the blade 
passage. The previous results of Van Le, and of Hertzig Han- 
sen and Costello were used rather extensively in analysing 
the resulta in plane B to determine the forces in the cascade 
which produced theese results. 

Coneidering Run Wo. 1. with no end clearance. the resulta 
were e@ expected from previous investigations by Van Le 
under the same conditions. Fig. 7 shows that the regian of 
high stagnation pressure hes been distorted so that it is ex- 
tending upwerd along the pressure surface of the biade while 
the region of Low energy fluid near the well hes been displaced 
toward the suction side of the blade. This movement is also 
apparent froze the contours of yaw and pitch engles and the 
overeil flow picture obtained is that of a large scale ‘passage 
rotation of all the fluid toward the suction surface at the 
biede tips. The approximate center of this rotation was about 
i/3 inch from the wall and about 1 inch from the suction surfer . 

One fact eesily discernible fron Fig. & is the well-known 
phenomenon of overturning of the flow in the boundary layer. 
Over a considerable area between the blades and very near the 
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wall the yew angle ia minus indicating overturning of the flow 
while the region of underturning near the will is confined to 
ocail areas in the biade wake. 

The overturning of the flow in the boundary layer and the 
large scale ‘passege rotation is easily understood by con- 
sidering the sazetch belov. 


G. =r Dp R 


In order to balance the centrifugal forces caused by the 
turning of the fiow in passing through the cascade. there is a 
pressure gradient from A to B at midspan according to 
©. where R ig the radius of curvature of the stream iines. 
Thus there exists the inequality Pp>P,- By the same reasonim 
Po > Pp: 

Due to the lower velocity in the boundary layer however 
the stream lines must have a emailer rddius of curvature in 
order to mateh the midspen pressure gradient. This amaller 
radius ef curvature in the boundary layer accounts for the 
overturning of the flow. 
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Bven the overturning of the flow in the boundary layer 
cannot produce ea pressure gradient to match that at sidspan 
for in the Limiting case at the wail where the veloeity is 
zero there would have to be a zero radius of curvature. 
Therefore the gradient in the boundary layer does not match 
that at widspean. and the foliowing inequality results: 

By> Po > Py > Py 

It is this unbalance of forces which produces the Large 
scale passage rotetion . 

A close examination of Pig. 7 shows that the blade wake 
region in the boundary layer hes been displaced to the left 
of the blade wake region in the free stream. An explanation 
for this is that part of the high energy fluid moving upward 
along the pressure surface of the blade continues on around 
in its clockwise rotation toward the suction side of the 
bliede st the tip while part of it moves towerd the pressure 
gide of the biade forcing the iow energy fluid of the blade 
wakes to the left and thus causing the distortion of the biade 
wake region as seen in plane B, 1/2 chord downstream. 

Cne method of analysing the blade wake is to consider 
the blade wake region es one of shed vorticity. This concept 
makes use of the fact that the blade may be replaced by a vor~ 
tex sheet of sufficient strength to satisfy the Kutta condi- 
tion et the tralling edge and in this case rotating counter- 
clockwise as viewed from above. Ther according to the Helmholtz 
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theoreni which says that a vc tex filament must end on a solid 
body or close on itself and agsuming no viscosity the cir- 
culation or vorticity would end ebruptiy et tre wall and no 
effects of shed vorticity vould be felt downstream. On the 
otrer hand with no friction and any end clearance the vortex 
filament would bend et the tip of the biade and continue on 
downstream undiminished in strength to eventually close on it- 
self at infinity. 

The conditions for Run No. 1 were no end clearance bvt 
with viscosity and an entering boundary layer. Since the cir- 
culation must vary directly as the entering velocity to sat- 
isfy the Kutta condition the circulation must decrease in the 
boundary layer. and as the circulation decreases. vortex file- 
ments are shed from the main vortex filement. These shed 
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vortex filaments should appear a8 a vertical vortex sheet in 
plane B, with the velocity on the left of the sheet downward 
and on the right upward as shown in the preceding sketch. 
This expected flow 1s shown quite clearly by the pitch engie 
contours of Fig. 9 and extends down from the wali about | 1/2 
inches. 

Run No. 2 was made with 5/16 inch cr 11.26 cherd end 
clearance and the results are shown in Figures 10 i! and 12. 

The most striking difference between this run ond run No. 
1 is the iarge region of low stegnation pressure with a nega- 
tive region in the emuber ot eppreninetely ¥ equal to 2.5 
and 2 equal to 0.5, as shown on Fig. 10. Figure ii shows a 
very rapid chenge in yaw direction in this same region 
several cf the plus and sinus yaw contours approaching each 
other very closely. The fiow above the zero yaw line is go- 
ing to the left or underturning while the flow beneeth the 
zero contour is going to the right or overturning. At first. 
this would appear to be the vortex filament shed from the tip 
of the blade. If thie were so the counterclockwise rotation 
of this vortex would produce yaw angles ag indicated but in 
the pitch piane would show up as iarge minus angles to the left 
of this region and large positive angles to the right of the 
region. An exmaination of Fig. 12 shows that this ia not so. 


The area of large yaw angle change falis in a region of 
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eorpletely negative pitch, ‘ine wey of looking at this ie to coneider 
the blade replaced by 2 vortex sheet rather than «a single vortex 
filament. Then the vorte> shert shed from the tip of the blade 


would produce the effects indicated in the yaw plane of vig. il. 


A sketch of the shed yortex stest is shown below, 





It is obvious from Fig. 11 thet the horizontal vortex sheet 
shed from the tip of the blade is not in line with the bhade wake 
ae might be expected. in order for this shed vortex shewt to 
apoear in its dieplaced location in glane , it would have to 
travel downstream from the tip with approximately the direction 
of the entering stream rather than the average direetion of the 
stream leaving the caseade, No reason ia known for the unwililng- 
nese Of a vortex shest or filament to turn with the rest of the 


flow, but the sane 20n has veen corerved and photographed 





by Hertelg, Hansen, aad Costello by introducing smoke streans into 


the flow. 


The negative stagnation pressure region in Fig. 10 occurs in 
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the area. of the horizonta: vortex sheet shed froe tae biade tip i.e.. 


in the region of maximum shear. The only explanation of this nege- 
tive stagnation pressure area is that the etetic pressure ‘!8 e). 
converted to kinetic energy in the velceity of rotation of the vor- 
tex sheet and that this velocity head of the vortex sheet wees 
either not meagurable in that particular area or was diséipeted 

by viecous action. 

Another obvious difference between the fiows of this run 
and rum No. 1 ia ¢he absence cf the overturning or minve yaw 
angles in the boundary layer es can he essen in Fig. 1°. This is 
to be expected in the erea between the biado tips and the wal 
where the bledes cenncet turn the flew. At a loeation just below 
where the blades tips would be, in run Ro. 1, there is still a 
onal) snouct of overturning. However, in this run, this area 
ef siieht overturning is just evove the shed vortex sheet, and 
on the yew plane, the overturning caused by the boundary layer 
is cempietely canceled out by the velocity to the left ef the 
fluid above the shed vortex sheet. 

The vertical vortex sheet preduced By @ gradual shedding 
of some of the vorticity toward the biade tip due to the 
gradual decreage of the velocity in the boundary .ayer is 
apparent in Pig. 12 as a region in the wake where the pitch 
engies go from minus to plus when ecroseing the wake from left 
to right. The effect is not as strong here as in the first run 


due to the fact that the area where it cecurs is a region of 
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greater velocity, and because most of the vorticity is shed «t the 
tip of the biade,. 

It again appears that the large ecale “pasuage ruvatiun® is 
present, tenling to displace low energy fluid toeard tie suction 
surface, although ite prevense is not ax apparent as in nun No. l. 
The effects of the horizontal vortea aheet siied irom the tip of 
tha biade and the flow over the tips of the vlades almost completely 
mask the effect of this “paasage rotation", but after a study of 
all the mage for this run, paying parhicular attention to the stagnae 
tion pressure contours, ones exp.anabion of tne final result is 
ea follows: 

Yhe horizontal vortex sheet shed from the blade tip predcuces 
rotation tending to force iow energy fluid down aiong tie pressure 
surface of tre blade, in op esition the “passaye rotation” and the 
flow over the tips tends to digpiece hign energy fluid upward along 
the preseure surface, and these iatter forces predominate beceuce of 
the nearnesa oY the horizontal vortex sheet to the suction surface. 
The result is thet high energy fluid ie displaced upward elong the 
pressure presevry guriace as may Ve sewn in Fig. id. 

it should be noted that the pitch centours of Fig. le whieh 
imiilcate very large negative piteh angles sre not exact, Lue to 
tne mothed of obtaining pitch angles, an aigle over about 15 degrees 
is not reliable and oniy serves to indicate an order of magnitude. 

kun Wo. 3 was made with 1/6 inch or 4&3 enera end cicurance. 

The results are snown in Figures i3, 14, and 15, emi are in general 
the same an Lhose of fun Mo, 2, except that im this run all the 
effeete ure Less ,ronowieed due to the seallur amount of end clearence. 
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ho sepstive etagnetion peessure oweichs acre fou as 8 re 
Ho. 3. fownver, e@ in cum Ro. 2 ti reelee of Veweet Steet ice) 
mressur® colncides with toe region cf @mwatest aiem@s in the fey 
plane, and witn a region of iarge n@getive pitce eagle. ere ages, 
en *xp\anation for this would be a vortex sheet shed from the tip 
of the biade. The weke region containing tee vertica. vertex cheet 
which is shed when going into tne boundary .ayer 18 mere cbviow 
in Fig. .> fer this rum then it was for run No. 2. 

The main difference in the yaw angies between this run and 
run No. 2 is that the ficw above the biade tips is strongly 
effected by the blades, and there are regions cf overturning as 
in the case of no end clearance. 

A study of Fig. 1% shows that the high energy fluid is being 
disp.eced upward along the pressure sicface as in the case of the 
5/i® inch end clearance run, bat is not being disp.aced epwerd 
@long the sucticn surface as in run 2. An exp-anetion for this 
would be thet the weaker shed horizonte: vortex sheet in this cese 
@oes not have sufficient strength to overcame the effects cf 
‘pessage rotation end the flow over the blade tips. 

As in Run No. 2, the pitch angles greater than .5 degrees 
shou.d be regarded oniy as indicating an order of magnitude. 

Run No. 4 with 1/0 ineh end cleerence and a moving wal: was 
meade to simuiate the relative motion between the housing and the 
rotor biade tips of a compressor. The resuitse ere shown in 
Figures 16 17 and ©. The goving wal: speed was the seme as the 
inlet air velocity. which wou.d be the reiative entering relocity 
te a rotor row. These conditions end the biade ang.es give a 


velceity diagram as indicated be.cw which is representative cf the 
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Relative entering angle wa 
Nelative exit angle 5° 


The effect of the moving wai- 18 immediaete.y obvious from an 
eXenination of the yaw ang.es near the wai for this run end run 
No. 5. Here als the yaw angies neer the wari are .carge positive 
angies indicating that the fiuid near the wais is being dragged 
to the seft with the moving wall. 

The effect of the moving wel: is also apperent when consider 
ing the region of high shear-high oss on the yaw and preseure 
muepe for rans 5 and +. In thie mm the ar@a of high shear-bhigh 
.088 is both dispiaced in the direction cf the moving wal: aad 
stretched horizonta: y. 

Here again the vertical shed vortex sheet in the b.ade webs la 
@pperent from en examination of Fig. . A difference in the pitcna 
angles for this run and run No. 5 can be s®en by cOmiparing Figuwrts 
18 end .7. In general the region near tne wai! showed a  arger 
downward pitch angie in rum 3 than in thie run. Bo expJanetion is 


offered for this. 








Tie bie worte, frvid 16 wovee’ wpwerd eons Gol Wee Deve 
Byers e086 suct.on feosoe ln tA fa ‘0 ements §Qlwelat 
similiar te rum Bo. 2. AA @xplanetion of thie Woow! be tomt tio 
borizowte, vortex sheet gia from the Binde tip Ss eageented fy 
ti SOving wali tvs giving !t greater effect tn dragging big 
energy f.uia wp atong tie section face. 

A fact not waediately cbvious frae Fig. so is thet the 
wal: represents a .ine of .00% stagnation pressurm es caspered 
to a iine of zero etegnetion press ce for ai: other rus. fitD 
this fact in aind, a comparison of the .osees in Fig. >) for 
run Ho. 3 end Fig. »6 for this run became more understaniiabie. 
By overlaying Fig. 1.3 and io one way cbtaln a definite indice- 
tion that the Losses with a ecving wal. ere iess then the 
Losses without @ moving wa... Sowever it gust be remembered 
thet energy is being fed into the stream in the case of thé 
SOvVing Wel. by the two motors driving the belt. In en actual 
machine this extra energy wouid heve to be suppiied by the 
rotor ‘tseif. 

It is estimated that if the energy added to the flow by the 
soving wall were subtracted, then the Losses in runa 3 and 4 
would be @ore closeiy comperable with run No. 4 showing the 

The canperison cf iosses with and without @ moving wall 
could be emeputed rather accurately by computing tne eamentum 
thickness of the belt boundary iayer (in the Y direction) from 
& know #dg®@ of the entering velocity profile in tne X direction, 
the speed of the belt tne roughness or frict.on factor of the 
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In general, « @oving wt! effects tie seooundary fiow ay dis- 
piecing tia flow in the direction of tie coving we. . Tae fice 
very c.iose to the soving we.. sores in the dicection of the =. 
rether tnan turning with the pain f.ow. In addition the .casud 
with a moving wail are probab.y greater, and definitely arw con- 
fined to a région nearer tite wail. 

A comparison cf a:i the pressure contours indicates that the 
losse@s with end clearance and with or withost a moving val: are 
greater than with no end clearance. However, the region of 
lesses is roughiy the game as, or smeller with end clearance and 
with or without a soving wail than the region of losses with no 
end ciearance. 

Although a previcus investigation with no end clearance (Pef.') 
indicates that iosses do not increase appreciab.y farther down- 
streem than .,2 chord, it is believed that with end c.esrance 
with or without oa moving wall. the losses would increase farther 
downstrean than »/2 chord because of high turbulence with re- 
Suiting viscous dissipation. 

Losses definite.y increase with incrwesed end clearance. 

The fiow in the boundary layer of a stator row (with no end 
clearance) overturns, producing a larger angle of attack on the 
fol.owing rotor row then designed. The fiow {n the boundary 
Layer of a rotor (with a moving wal.) underturns and makes a 
emailer ang.e of attack with the next stator row then the de- 
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Exper imental Equipment 


This investigation was conducted with the low-speed wind 
tunnel at the Gas Turbine Laboratory. The wind tunnel has a 
velocity of the order of 120 feet per second. Details of con- 
struction and testing of the wind tunnel are found in Refs. 5, 

6 and 7. The test section was modified prior to this investi- 
gation to facilitate the interchange of cascades and to make 
it readily adaptable to use with a moving wall. 

The cascade was designed by Prof. Robert C. Dean, and con- 
sisted of NACA 6409 profiles on a circular arc mean camber line 
of 4.650 inches radius. The chord length was 2.500 inches; 
the spacing was 2.500 inches; the height was 16 inches, and the 
angle of incidence was zero. 

A moving wall mechanism was constructed for use in this in- 
vestigation of the effects on secondary flow of relative motion 
between the wall and the blede tips. A view of the moving wall 
assembly alone is shown in Fig. 1 and the assembly in place 
above the cascade is shown in Fig. 2. 

An attempt was made, prior to this investigation, to use a 
belt made of shim stock for the moving wall. This material 
proved to be unsatisfactory. After considering several other 
belting materials, it was decided to use standard sanding belts. 
It was later learned that this method had been used successfully 
in other cascade work. (Ref. 2). The effect of surface roughness, 
comparable to surface finish of turbomachinery housings, could be 
investigated by varying the sanding belt grit size. 


The moving wall was constructed in the following manner: 
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@ section of T7-ineh channel iron 5 feet long was used as a main 
support for the apparatus. Two wooden pulleys, 6 1/2 inches in 
diameter and 9 inches long were mounted underneath this channel , 
and a standard sanding beit 5 inches wide by 107 inches long wes 
used on the pulieys. One pulley was made adjustabie in order to 
vary the belt tension. 

The lower half of the belt was used as the moving wall, 
and a backing plate for this section was constructed from a 
10-inch channel iron, 20 inches long. The surface of the channel 
wes ground smooth. and it was also suspended from the main 
support channel described above. 

Originally one pulley was used as a drive for the moving 
wall, but leter both pulleys were used as drives due to the fact 
that the motor was overloaded when only one wae used. The 
motors used were rated at 115 volts, 1120 watts, 15,000 rma, 
and were controlled by tvo variacs. 

Until the wooden pulleys were dynamically balanced it vas 
impossible to obtain a speed above about ©3 feet per second on 
the belt due to severe vibration. After balancing, however it 
was possible to obtain speeds up to 200 feet per second with ro 
vibration and without using maximum power availabdle. 

During the investigation of the effect of the moving wall. 
it was necessary that the belt run in close contact with the 
backing plate in order to maintain a set clearance between moving 
well and the ends of the blades. Originally it was supposed that 
this problem of keeping the belt in close contact with the backing 
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yulte mle bf 6 BOF Coe On Of) Detieode were Done loercd For eppy 
ina & @ect oo which would Bbo:d the soving belt ‘4 costeet w' ta 
the backing piste. 

Derigg the initia! operetien cf the belt Gowiver, it Vas 
found that it woud got be necessary to ayppiy suctia sime 
eatisfector) contact with the backing piste was Maintalfed in 
the speed range in which tie moving wal) was to be operated in 
this investigation. At low speeds (30 to +0 feet per second belt 
speed) the belt did not agintain proper contact with the backing 
pate. At speeds of 5S to 70 feet per second however the beit 
meving over the baciing p.ete generated its own suction, and the 
belt was held in such close contact that the friction would de> 
eelerate the belt unti. it reached tae low speed region where 
suction was lost. With the power setting remaining the smae. 
this cycle of generating and then losing suction continusd, the 
range cf syeed being fran about 55 to about 7O feet per second 
@uring the cycle. By increasing the power it was possible to drive 
the belt through the high suction speets, and at any speed above 
about 5 feet per second the suction generated by the ba.t vas 
sufficient to maintain good contact with the becking plate but not 
BO great taat the friction would cause the belt speed to vary. At 
the higher speeds there wee epparentiy a thin file of air dragged 
in between the backing plate and the belt, and this thin film of air 
acted as a .ubricant. There seemed to be only a moderate amount of 
friction between the belt ané the backing plate, beceuse the tem- 
perature of the baeck!ng plabe wouid rise a very small amount dur ity 


long periods of operation of the belt. 
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The belt speed was deterwined by means of a generator tacho- 
meter mounted on one of the motors. and by a strobotach. 5lip- 
pege of the belt on the pulleys varied both with speed and vith 
belt tension, but the amount of slippage wes found to be con- 
stant with a particular belt tension and speed. It was necessary 
to relieve the tension on the belt when it was not in use in 
order to avoid stretching the belt cut of shape. When the rig 
was made ready for running it was not possible to obtein exactly 
the same tension each time, and therefore it was necessary each 
time the rig was used to obtain the correct belt speed by using 
the strobotech on a mark on the belt. Then with the belt running 
at proper speed, the voltage of the tachometer generator was 
noted. and it was found that the belt speed could be maintained 
constant by keeping a constant value of tachometer generator 
voltage. The adjustments in power to the motors to obtain con- 
stant speed throughout @ run were very amm)l. 

The entire moving wall assexbly was souwnted on the nain 
cascade support frame by means of two pads which supported the 
ends of the seven-inch chennel as shown in Fig. 3. The method 
of varying the clearance between the blade tips and the moving 
wall, was to remove shims from between the frame comprising the 
cascece and the cross-piece of the main cascade support frame 
on which it rested. With shims removed the cascade was lowered, 
locating the tipa of the blades below the level of the top of the 
wind tunnel test section. The moving wall assexbly was placed 
in position by shimming and by adjustment of the backing plate 
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until the belt was on the same level as the top of the test 
face of the 
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Tre instrumentetion used during this investigation was beslieally 
the same as that used during « -revious investigation by Van Ve; 
using the low spsed wind tunnel. ome modifications were made to 
femrove the aceuracy of readings, and to lwprovo the speed and ease 
of obtaining readings. Instruments used and their arrangement are 
listad below. 

\ total pressure prove wes mounted in the plenum camber upstream 
of the cunvergi:g section of tue noazle, and was used to @aincvain a 
constant value of stagnation pressure during o run. ie povkn wae 
connected t. one aide of an inclined water manometer, the other side 
of which was sonneeted tu ztatie pressure in the ceil below, This 
was aecessary becunse of the fluctuations of the static prvssuru in 
tha test cell. 

COriginaily = vertical totel pressure rake was mounted 6, inches 
upstream of the cascade in the constant area duct. Tim nine srobes 
of this rake were connected to one side of a bank of vertical water 
manonclers and gave an Indication of tre velocity gradient in the 
stream approaciing the cescade, This raxe was iater removed due to 
the fact thet it disturbed the flow in the blade passages directly 
downet reas. 

A traversing mechani om wae used to position a proce for making 
measuremente either ahead of or behind the csecade. both the sorle 
sontal and vertical travel of the »robe were controlled by lead 
screws with 10 threads per inch and ned hamtwheels calibrated into 
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190 divisions, so trat within the wechanical urror of the equipment, 
it was possible to pesition the probe to within 0.001 ineh. 

The prebe yaw (horizontal) angle could be changed by rotating 
the vertical shaft which held the probe, ‘The angle was controlled 
by a selsyn and could be read either sat the control station or on 
the traversing mechaniom to 0.1 degrwue. The probe could not be 
moved in pitch (vertical) ongle, so that piteh angle was cbtained 
by reading the difference in total pressure between the top and 
bottom hcles of the five hole probe, and then obtaining tue angle 
from a calibration curve. 

A Merlam water manometer whieh could be read to 0.01 ineh of 
water was used as a atandard for calibrating other manometers and 
pressure pick-ups, and for cheeking the accuracy of readings througiie 
out all runs. 

A five hole wedge probe, manufactured at the Gas Turbine 
Laboratory, was used during all the runs. it consisted of five stain- 
less steel tubes, 9.016 inch inside diameter, all soldered together 
and creund to a 60 degree conical shape at the tip. The diameter 
of all the tubes was 0.085 inch, The center hole was used for 
stagnation pressure, the side holes were for mulling to obtain yaw 
angie, and the top and cottom holes were for pitch angie. The 
response of thia vrobe was very fast considering the diemeter of 


the holesa. A general view ef the probe is shown in Fig. 4. 
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Vinee the constant arwa duct leading to the cascade nad been 
lengthened slightly prior to this investigation, it ras necessary 
to detemaine if the velocity profile at the outlet of tle dect was 
still satisfactory. This was done by making a complete traverse in 
a plane 44 inches upstream of the duct outlet (Flame A) with the 
cascade and rake removed. The results of this preliminary run 
showed # good profiie for the area which would lie vetreen blades 
3 and 6, the area which was eventually uaed for all runs. The 
velocity profile and the contours of stagnation pressure are shown 
in Fig. 5. ‘The flow direction was alec found to be uniform and 
parallel to the axis of the duct, 

Next it was necessary to determine if there was any flow separa- 
tion on the blades of the cascade, Separation had been discovered 
on the blades used in s previous investigation with this wind tunnel, 
dus primarily te the low turbulence in tne air stream, and the 
difficulty had been overcome by inataiiing trip wires or spollers 
on the suction sides of the blades about 1/3 chord Length beniad tiie 
leading edge, as explained in Ref. &. Tre wethod used to cheek for 
seperation was to paint the blades with a solution of lempblack and 
kerosene and then observe how the air flow affected thie solution when 
the tunnel wes running at full speed. This method gave an vacellent 
visual indication cof the flow along the bledeas, end showed that 
separation and beckflow was oecuring on both the suction and preseure 
sides of the blades. It uas found that trip wires, 0.006 ineh in 
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diameter, located 333 chord from tue .eading edge on the suction 
side and 7.43 chord from tne Leading edge on the pressure side, 
would cause the boundary layer to stick ami thus prevent separation. 

After these preliminary steps, rung were made as described 
below. 

Run No. l, the first ran for the purpose of obtaining data for 
this investigation, was wits the cascade in piace but with no end 
clearance and with no moving wall, In order to obtain the desired 
information with the minimum amount of data, it was decided to use 
only one complete dlade passage and a amell section of the txo 
adjoining blade pasasges. Also, it was considered desireable that 
the pertiona of the three passajes have approximately the same flow 
characteristics, 

It was found that no three adjacent blade passages in the 
cagcade wore sufficiently simdiar in their flow pattern for the 
purposes of tris Lluventigation, exce;t possibly those directly 
downstream of the profile rake. These passages hed been eliminated 
because of the disturoance vaused -y the rake itself. After removal 
of the rake, three cimilar passages were found in the region originally 
eliminated because of the rake disturbance, The passaga used for this 
and all subeequent runs was taken between blades 4 and 5, to,ether 
with the edges of the Leo adjoining pasasagen. 

All the runs were made in a plane 4 chord length downstream of 
the trailing edge of the cuseade blades (lane 5), since tiis is a 
representative figure of the distence separating one blade row from 
ancther in a turbomachine, and information gathered in this plane 
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ceuld be used in destgning ihe followitigy (ew of biades. The runs were 
oede at a Reywhlds Suwaber of 179,900. 

Tie procedure ween optaining a resding st a paiat was to 
position the probe, null the pressures in toe rigwt asd Left beoles 
of the crobe to chtain yaw engle, and reed the stagnetion pressure 
and pitch angle microammetere, The stagnation pressure wio tuan 
converted te percert of midspan valus, and the pitch angle was 
obtained from a coli’ ration curvs. 

Data were obtained by settinr the probe at a given vertical 
(¥) cecrdinate, amt then taking reedings across the passage by 
taking increments in horizontal (Y) direction, The stagnation pressure 
and yaw angle were clotted as the data were taken, the reference or 
zero direction deing taren as the direction of the flow at midspan 
cetween bladca & end 5, and the reference or 1908 stagnation pressure 
being teten et the save point, ‘Sinilar traverses were made acrose the 
paseace at inereacing values of 7 until the effeets of the boumlayy 
layer oould no longer be measured; i.e., until the flow was the sane 
as that at midapan. The rough data plot for Pun Xo. 1 is shown in 
Fig. 6. 

The readings ckhtained and used in the rough data plot were 
reproducible to within about 0.1 degree for yaw and pitch and 9.2 
percent for stagnation pressure in a region of high et»emation pressure, 
and to within about 0.3 degree and 0.5 percent in e region ef low 


stagnation pressure where the probe vae less sensitive. iowever, 


except in a region of uniform velocity, the yew and pitch angles 
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as rvead were not correct. 

cince there was a finite distence sveporating the rignt and left 
nolue of the orebs, it was possibie, with the prove in a region uf steep 
velocity gradient, for the right hole to be in «a region of nigh ve- 
loeity while the left hole was in a region of low velocity. Under 
euch conditions, the right hole would indicate a higher pressure than 
the left even though the probe was pointing directly into the stream. 
Therefore, when nulling to obtain yaw angle, the probe wou.d be 
turned more to the right so that the pressures in the rigi.t and left 
holes would be balanced, and an incorre:t value of yaw would be 
obtained. 

The sane reasoning applied to the top and bottom holes for 
obtaining pitch angle. in addition, the pitch reading un the mbcro- 
ameter was decrement not only on tre actual pitch angie of tne flow 
but also on the percent of reference stagnation pressure at tie 
particular point. nis was due to the fact that with the flow going 
in a given direction, the reading of the pitch picrosmmeter and thus 
the piteh angie would show an increase with increasing stagnation 
pressure, 

The yaw angles were corrested fur velocity gradients by using 
the rough data plots te determine the actual difference in atagnation 
pressure vetween two points separated by a distance equal to the 
distance between the right and left holes of the probe (0.056 inth). 
This difference in stagnation pressure was tien used to enter a 


curve end obtain the correction to the yaw angie. The corrected yaw 
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angles were then plot aed on the saee rough date plot, although they 
are not ehowm in Fig. 6. 

Tt eas found that tie velocity gradients in a vertical direction 
were not severe enough to cause any appreciable correction to tie piteh 
angles. “herefore the corrected pitch angie was obtained wy awting 
te pitch eleroanmeter reading, and the stagnation pressyre at the 
peint, aid entering a previously prepared curve to obtain the piteh 
angle. 

The rough data plot, with yaw and piten angies corrected, was 
then used to prepare contour mape of tna area ancwing percent. of 
stagnetion pressure, yaw angle, and pitch angle. ‘These contour 
taps for Nun Yo, 1 are sown in Figures 7,8, and 9 resoectively. 


Run Ho. 2 was aude with a stationary wall, but wit: an end 
@learance of 5/16 inch, er 11.2% chord. Data was obtained and plotted 
in the same mnanier as that deazribed for Run wo, 1, and the results 


are shom in Figures 19, ll, and 12. 


fiun No. 3 wae sisllar to the second run excent that the end 
Clearance was 1/8 inch or 4.5% chord. Data was obtained and clotted 


as before ard the results are shown in Figures 13, 14, and 15. 


Run No, 4 was similar to the third run, except that the moving 
wall was used during this run, with the velocity of the moving wail 
being eqtial te 120 feet per seeond. The sanding beit wes 600x grit. 


The data was obtained and plotted as before, and the resuite are 
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From a study of the results obtained in this investigation 
it was evident that much more data is required to fully evaluate 
the effects of relative motion between blades and wall on the 
secondary flow, It is recommenied thst traverses be made holding 
all variables constant except one, and attempt to obtain an idea of 
the relative importance of end clearance, velt speed, belt roughness, 
and entering boumlery layer. It might be pussible to find the one 
combination of the variables which would produce the smallest losses, 
or the one combination which prepared the flow for the next row in 
the best manner. 

in order to have a better understanding of the development of the 
flow phenomena, it is recommended thet additional traverses be made 
in planes nearer the trafling edges of the bladee, and also within 
the blade passaces thenselves. The traverse of the plang one~half 
chord length downstream of the cascade, although indicative of the 
flow that might be entering the next set of blading in a turbomachine, 
does not give enough information to visualize the upstream flow devel- 
coment. 

It ie further recomeenied that the traversing mechanism be sodi~- 
fied to permit nulling the probe to obiain pitch readings. This 
modification weuld permit nulling fer both pitch and yaw angies. 
Anales could then be obtained directly and weuld only require correct=- 


ion for regions of high velocity gradient. 
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An investigation om the proce types and of provedures for 
obtaining reliabie data in high velocity gradients ia recommenied. 
This atudy would be made with the objective of developing a pro- 
cedure that would permit rapid translation of readings chtained 
to corrected values. 

A method of readily presenting the data in three disensions 
would be of great value in the interpretation of resuite. [wo | 
dimensional plots have lixited value in tiie visualisation of thre 
flow pattern, One method of presentation whieh could be used to 
advantage in presenting sueh data would be five dimensional needle 
plots, one of which has already been prepared at the Gas Turbine 
Laboratory. In thia method, a plece of board ia used to represent 
the plane of measurement (in thie care plene 8). vver the entire 
area of the board at equal intervals are placed needles pointing 
in the direetion of the flow at the point, and with a length corres~ 
ponding to the stagnation pressure, Thus one plot indicates the 
dimensions of Y and - location of the point in plane 3, yaw angle, 
pitch angle, and percent of stagnation pressure. 
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APYONUIX A 
more Gh ae YOR 

An investigation was made of suitable means for producing 
a emoke etream for visualisation of the flew in the caseade. A 
ezoke generator, developed by the Ultrasonic Corporation of 
Catoridee, Massachusetts, in conducting basic reeesarch on control 
of particle sive, was obtained. As originally constructed, the 
omoke generator conaleted of an sisctrically heated tank fer 
vaporizing oll, a thermometer, a pressure switch for regulating 
the vapor presgaure in the tank, end a short outlet Line for the 
vapora, It was intended to use this sueke generator us originally 
constructed, except that the short outlet iine would oe replaced 
by a rather long (5 feet) line lealing to a emoks probe. A 
diagramatic sketen of the equipment is show in fiz, led. 

The tank wag constructed of a section of 4 inch pipe, with 
a fitting at the bottom tc receive the 1090 watt Cromalcox ismer~ 
sion type heater, and fittings at the top for a thermometer, a 
pressure line, and an outlet line fer tie ofl vepor, ‘The total 
capacity of the tank was approximately three quarts. Ouring 
operation the cf] level was saintained st about one ineh aove 
the top of the heating element, leaving approximately four inches 
of the tank for vapor space, 

the vapor pressure in the tank was centrolled by a pressure 


switch whieh controlled the current to the heater. The pressure 


ewitch conslsted of a mercury manometer, one side of which Led to 
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the tank and tne other side of which was open to the etaosphere,. 

In the column witch was open to the atmosnhere, there was aounted 

a owalil float ode of plastic, which was connected by a rod to a 
marcury switch. An incresse in pressure in the tank would cause 
the mercury level in the manometer to rise, raise the float, actuate 
the switeh, and cut off the current to the heater. <A variec was 
also in the line for better control, 

The pressure maintained in the tank during operstion could 
be verled from zero to 26 inchos of mereury ; 16 inches of mercury 
was the pressure used during most of the inveetizetion. Tnw ofl 
used was Socony Gargoyle "Yeloeite", Crade £. This cil had been 
used by Ultrasonic Corporation with estisfectory results. 

it was found that tle smeke generator, aodified as deacrived 
above, Opwrated ag a distilling apporeatus. The o41 vapor condensed, 
and the of] particles collected on the walle of the tubing and came 
out of the smoke probe as liquid ofl. The only way of obtaining 
good smoke was to wnintein the line leading to the omoke probe 
end the prove Lliself at a sufficiently high temperature to keep 
the of] in the vapor etate until it emerged from the probe into 
the air. ven when this was done, sowe liquid o11 was still obe 
served leaving the probe. 

She fallure of the besic equipment to function properly in 
this application, wheruas it hed worked properly for Ultrasonic, 
was attributed to the followlne difference in the operating condi- 
ticns: in the work done by Ultrasonic, the vapor was tarxen from 
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the tank and injected directuy into an airsetreaa, rabher t an 
passing through a length cf tubing awd a Clow stricture suen a8 pro- 
duced by a saoe probe of email <diameter. 

Following this line of reeeuning, it waa fe.t that if sool 
air could be injected into the vapor line near tiw tank, tow smoke 
particles would remain in suapension until trey nad pacsed through 
the line and out of the probe, Thia sethod was attenpsted with 
unsatisfactory results. 

Another method considered was that of a sethiing Lana near the 
vavor tenk to fix smoke particle size before entering the line to 
the probs. Thies rethod was not tried. 

A swoke generator, similar in principle to thet described in 
Ref, 1 was used to investigate aaterinis that would produce satie-~ 
factcry smoke. Cork and cigars were used with good resulte. dl 
soaked cigars proved most satisfactory. It was intended tu use 
this tyoe of smoke generater for visualization of the Jlow in the 


cascade, 
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FIVE HOLE PROBE 


(14 Times Actual Size) 


Fig. 4 
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VELOCITY PROFILE AND BERNOULLI SURFACES 
IN PLANE A (Caseade Removed) 


Fig. 5 





WALL -— 
Y 


[aa 
| 



















% e 
mo +5 


se 4 0 0.130 


"55-5 
hk 


% e 
$65 +5 
~~ , 

FOO! 2 
a > a 


aa 
(65 eo) 


ree 
_ ee a et 
“Dee fo 053 


Spe 


es ae 
%e e 
: 16S +5 
4] See ee 7 
{7 “60 0 0.830 


‘99-5 


—Awe — ee A ett ee 


eee Am,» 2. ie 
SS - ~~~ f ae e ~ 


Siem me ae ee 


om— ZTOTAL PRESSURE 
4--- Yaw ANGLE 
Kee TCH. ANGLE 


RoucH Data Prior 
Run Nol (No Eno CveaRance ) 
Fic. O 









VERTICAL 
DIRECTION 


V 
MiDSPAN 


Numbers on Contours Indicate 











Pyotal TP abatiec in plemena Z, 
Protal at midspan ~ Pstatic in plane A 
ae 
5 4 3 2 1 INGE 
a 4 #0 P 32 : lt a 
u~ Ka T Pn : , : | 
| = . Hl - 56 rs 
RON! | K so” y i = so ~=«|: INCHES 
40 ws =~ *\ ay 
| NG a3 | 
as ~~ ~ ‘ ’ - Py 1 





THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Distortion of Bernoulli Surfaces 


Run No. 1 (No End Clearance) 


Fig. 7 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Yew Angle 
Run No. 1 (No End Cleerance) 
Fig. 8 








VERTICAL 
DIRECTION 
MipsPan 


Numbers on Contours Indicate Pitch 
Angles as Measured From the 
Reference Direction at Midspen 

and Midway Between Blades 


@ 


INCHES 


THE FLOW DOWNSTREAM OF A BLADE CHANNEL 


OF A CASCADE 
Contours of Pitch Angle 
Run No. 1 (No End Clearance) 
Fig. 9 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Distortion of Bernoulli Surfaces 
Run No. 2 (5/16 ineh End Clearance) 
Fig. 10 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Yaw Angle 
Run No. 2 (5/16 inch End Clearance) 
Fig. 11 
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THE FILOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Piteh Angle 
Run No. 2 (5/16 inch End Clearance) 
Fig. 12 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 
Distortion of Bernoulli Surfaces 
Run No. 3 (1/6 inch End Clearance) 
Fig. 13 
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THE FLOW DCWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Yaw Angle 
Run No. 3 (1/8 inch End Clearance) 
Fig. 14 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Pitch Angle 
Run No. 3 (1/8 inch End Clearance) 
Fig. 15 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Distortion of Bernoulli Surfaces 


Run No. 4 (1/8 inoh End Clearance 
With Moving Wall) 


Fig. 16 
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THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 
Contours of Yaw Angle 


Run No. 4 (1/8 inch End Clearance 
With Moving Wall) 


Fig. 17 






_— sar 


C's 













VERTICAL 
DIRECTION 


MipSPAN 


Numbers on Contours Indicate Pitch 
Angles as Measured From the 
Reference Direction at Midspan 

and Midway Between Blades 


VANCHeS | 
4 
SY | 





THE FLOW DOWNSTREAM OF A BLADE CHANNEL 
OF A CASCADE 


Contours of Pitch Angle 


Run No. 4 (1/8 inch End Clearance 
With Moving Wall) 


Fig. 18 
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